Research in the last decades has widely investigated the anti-oxidant properties of natural products as a therapeutic approach for the prevention and the treatment of oxidative-stress related disorders. In this context, several studies were aimed to evaluate the therapeutic potential of phytocannabinoids, the bioactive compounds of Cannabis sativa. Here, we examined the anti-oxidant ability of Cannabigerol (CBG), a non-psychotropic cannabinoid, still little known, into counteracting the hydrogen peroxide (H 2 O 2 )-induced oxidative stress in murine RAW264.7 macrophages. In addition, we tested selective receptor antagonists for cannabinoid receptors and specifically CB1R (SR141716A) and CB2R (AM630) in order to investigate through which CBG may exert its action. Taken together, our in vitro results showed that CBG is able to counteract oxidative stress by activation of CB2 receptors. CB2 antagonist pre-treatment indeed blocked the protective effects of CBG in H 2 O 2 stimulated macrophages, while CB1R was not involved. Specifically, CBG exhibited a potent action in inhibiting oxidative stress, by down-regulation of the main oxidative markers (iNOS, nitrotyrosine and PARP-1), by preventing IκB-α phosphorylation and translocation of the nuclear factor-κB (NF-κB) and also via the modulation of MAP kinases pathway. On the other hand, CBG was found to increase anti-oxidant defense of cells by modulating superoxide dismutase-1 (SOD-1) expression and thus inhibiting cell death (results focused on balance between Bax and Bcl-2). Based on its antioxidant activities, CBG may hold great promise as an anti-oxidant agent and therefore used in clinical practice as a new approach in oxidative-stress related disorders.
Introduction
The oxidative stress is induced by an imbalanced redox states, involving either excessive generation of reactive oxygen species (ROS) or dysfunction of the antioxidant system. 1 It is widely recognized that oxidative stress is the major cause of development of many chronic diseases, such as aging, cancer, cardiovascular and neurodegenerative diseases. [2] [3] [4] Several line of evidence have shown that the excessive production of ROS from metabolism or exogenous intake, can lead to damage of biomolecules, including lipids, proteins and nucleic acids, thereby affecting normal physiological functions. 5 The brain is one of the organs especially vulnerable to the effects of ROS because of its high oxygen demand and its abundance of peroxidation-susceptible lipid cells. 2 Over the last years, there has been an increasing attention to antioxidants from natural compounds without undesirable side effects and toxicity. In this context, phytocannabinoids the bioactive compounds of Cannabis sativa, that do not produce psychotropic effects, such as cannabidiol (CBD), cannabigerol (CBG), Δ 9 tetrahydrocannabivarin (Δ 9 THCV) and cannabidivarin (CBDV) were considered of special interest as novel therapeutic agents especially in the treatment of diseases involving both inflammation and oxidative stress. 6 Generally, cannabinoids exert many of their beneficial effects by binding cannabinoid (CB) receptors. To date, two types of receptors, both belonging to the family of G-protein coupled receptors (GPCRs), have been identified. CB1 receptors are expressed mainly on neurons and glial cells in various parts of the brain, CB2 receptors are found predominantly in the cells of immune system 7 . Moreover, there is increasing evidence supporting the existence of additional cannabinoid receptors (no-CB1 and no-CB2) in both central and peripheral system, identified in CB1 and CB2-knockout mice. 8 To date, there are few studies about the pharmacological actions of CBG. The small body of in vitro evidence suggests that CBG exhibits a pharmacological profile relatively similar to cannabidiol (CBD) regarding its CB receptors activities, 6, 9 however its affinity for CB receptors has not been fully clarified. Although, CBG was proven to exert anti-inflammatory and anti-oxidant effects, the molecular mechanism of action is not yet known. Borrelli and co-authors 10 demonstrated both of these properties in an experimental model of inflammatory bowel disease. CBG was found to reduce nitric oxide production and consequently to pro-tect macrophages against oxidative stress by binding CB2 receptors. 10 In addition, it was demonstrated that CBG was able to inhibit COX-2 enzymes in human colon adenocarcinoma cell line HT29. 11 CBG was found also to suppress lipopolysaccharideinduced (LPS) release of pro-inflammatory cytokines and prostaglandin E2 in primary microglial cells. 12 A recent study of 2015, suggests CBG as a potential candidate for pharmacological therapies in a experimental model of Huntington's disease. Specifically, authors demonstrated that CBG by activating the peroxisome proliferator-activated receptor gamma (PPARγ) in striatal cells was able to alleviate symptomatology and neuroinflammation. 13 Moreover, by using a murine model of Huntington's disease, it was demonstrated that the treatment with VCE-003, a CBG quinone derivative, inhibited the upregulation of pro-inflammatory markers and improved antioxidant defenses in the brain through PPARγ activation. 14 In the present study, we investigated whether treatment with purified CBG may counteract oxidative stress induced by hydrogen peroxide (H 2 O 2 ) in a murine macrophage cells line. Specifically, we have chosen RAW 264.7 macrophages since it was widely demonstrated that following toxicant exposure, they are able to trigger mechanisms associated with overproduction of pro-inflammatory mediators as well as over-production of ROS. [15] [16] [17] Therefore, this cell line provides an excellent model for screening anti-oxidant drugs and consequent evaluation of inhibitors of the signaling pathways that lead to induction of oxidative mediators. In addition, in order to understand whether the inhibition of oxidative stress by CBG treatment could be mediated by CB receptors, we have pretreated RAW 264.7 macrophages with selective receptor antagonists for cannabinoid receptors and specifically CB1R (SR141716A) and CB2R (AM630) before CBG administration.
Materials and Methods

Plant material
Cannabis sativa var. Carma was derived from a greenhouse cultivation at CREA-CIN, Rovigo (Italy), where a voucher specimen is kept. The plant material was collected in November 2010 and was supplied by Dr. Gianpaolo Grassi (CREA, Rovigo, Italy). The manipulation of the plant was done in accordance with its legal status (Authorization SP/101 of the "Ministero della Salute", Rome, Italy). 
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General experimental procedures
1 H NMR spectra were measured on JEOL ECP 300-300 MHz spectrometer. Chemical shifts were referenced to the residual solvent signal (CDCl 3 : δH 7.26). Reverse phase (RP) C-18 (POLYGOPREP 60-30 C18) was used for the removal of waxes and pigments. Silica gel 60 (70-230 mesh) was used for gravity column chromatography. CBG purification was monitored by TLC on Merck 60 F254 (0.25 mm) plates, which were visualized by UV inspection and/or spraying with 5% H 2 SO 4 in ethanol and heating.
Extraction and isolation of CBG
One kg of dried, powdered flowered aerial parts were heated at 120°C for 2.5 h to decarboxylate precannabinoids and then extracted exhaustively with acetone (2x9 L) in a shaker. Removal of the solvent left a black resinous residue (74 g, 7.4%), which was dissolved in MeOH (30 mL/g of extract) and filtered through RP C-18 silica gel for the removal of waxes and pigments. The evaporation of methanol afforded 36 g of a dark-green extract that was further purified by gravity column chromatography on silica gel (75 g, petroleum ether-EtOAc, 8:2, as eluent) to afford 5 g of a yellow oil then crystallized with petroleum ether to give 3 g of pure CBG (0.3%). Pure CBG was stored at -8°C.
Cell culture conditions and drug treatment
The murine macrophage cell line RAW 264.7 was acquired from the "Centro substrati cellulari, Istituto Zooprofilattico Sperimentale della Lombardia e dell'Emilia" (Italy). Macrophage cells were cultured in monolayer using RPMI-1640 medium (Carlo Erba, Cornaredo, Italy) containing 10% fetal bovine serum (FBS) (Sigma-Aldrich Co. Ltd., St. Louis, MO, USA). The cells were grown in logarithmic phase at 37°C in a moisturized atmosphere of 5% CO 2 
Eosin and hematoxylin staining
Morphological changes in the cells were assessed by eosin and hematoxylin staining (E&H) applying a standard protocol. Briefly, cells on coverslips (10 mm; Thermo Scientific, Darmstadt, Germany) were fixed with 4% paraformaldehyde (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 15 min at room temperature. After washing with 1X PBS, cells were stained with hematoxylin Harris (BioOptica, Milan, Italy) for 1 min, rinsed with tap water, stained with eosin (Bio-Optica) for 5 min, and rinsed with distilled water. Then, coverslips were dehydrated with ethanol series (Carlo Erba Reagents, Valde-Reuil, France; 50%, 70%, 80%, 96%, and 100%) and xylene (J.T. Baker, Deventer, The Netherlands). Coverslips were mounted on microscope slides using mounting medium (Eukitt, Carlo Erba Reagents) and were allowed to dry. Microscopy was performed using light microscope (Leica DM 2000 combined with Leica ICC50 HD camera). All images are representative of three independent experiments.
Immunocytochemistry
Cells on coverslips (10 mm; Thermo Scientific) were fixed with 4% paraformaldehyde at room temperature for 15 min followed by phosphate buffered saline (PBS, pH 7.5) washes. Then, cells were incubated with 3% hydrogen peroxide (H 2 O 2 ) at room temperature for 15 min to suppress the endogenous peroxidase activity. Following three washes with PBS, cells Original Paper were blocked with horse serum +0.1% Triton X-100 for 20 min followed by incubation for overnight at 4°C with primary antibodies against examined proteins: anti-JNK (1: After PBS wash, cells were incubated with biotinylated secondary antibody (1:200, Vector Laboratories, Burlingame, CA) and streptavidin AB Complex-HRP (ABC-kit from Dako, Glostrup, Denmark). The immunostaining was developed with the DAB peroxidase substrate kit (Vector Laboratories) (brown color; positive staining) and counterstaining with nuclear fast red (Vector Laboratories) (pink background; negative staining).
The immunocytochemical assays were repeated three times and each experimental group was plated in duplicate. Totally, were assessed 6 coverslips for each antibody. In order to calculate the percentage of positive cell stained, the images were captured by using a light microscopy (LEICA DM 2000 combined with LEICA ICC50 HD camera) with an objective of 40X and subjected to densitometric analysis by using the software LEICA Application Suite ver. 4.2.0. Quantitative analysis was performed on 6 coverslips by covering about 90% of total area.
Protein extraction and western blot analysis
Cells were harvested following 6 h of incubation with H 2 O 2 . After washing with ice-cold PBS, the cells were lysed using buffer A [320 mM sucrose, 10 mM, 1 mM EGTA, 2 mM EDTA, 5 mM NaN 3 , 50 mM NaF, β-mercaptoethanol, and protease/ phosphatase inhibitor cocktail (Roche Molecular Systems, Inc., Branchburg, NJ, USA)] in ice for 15 min, followed by centrifugation at 1000 g for 10 min at 4°C. The supernatant was served as cytosolic extract. The pellet was further lysed using buffer B [150 mM NaCl, 10 mM Tris-HCl (pH 7.4), 1 mM EGTA, 1 mM EDTA, Triton x-100, Original Paper and protease/phosphatase inhibitor cocktail (Roche)] in ice for 15 min, followed by centrifugation at 15,000 g for 30 min at 4°C. The supernatant was collected and used as nuclear extract. Protein concentrations were calculated using the Bradford assay (BioRad, Hercules, CA, USA). Twenty micrograms of proteins were heated for 5 min at 95°C, resolved by 8% or 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a PVDF membrane (Immobilon-P, Millipore). Membranes were blocked in 5% skim milk in PBS for 1 h at room temperature followed by overnight incubation at 4°C with particular primary antibodies. The following primary antibodies were used: iNOS (1:500; Cell Signaling Technology) and SOD-1 (1:1000; Abcam, Cambridge, UK). Then, membranes were washed in PBS 1X and incubated with HRP-conjugated antimouse or rabbit IgG secondary antibody (1:2000; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. To ascertain that blots were loaded with equal amounts of protein lysates, they were also incubated with antibody for GAPDH HRP Conjugated (1:1000; Cell Signaling Technology). The relative expression of protein bands was visualized using an enhanced chemiluminescence system (Luminata Western HRP Substrates, Millipore) and protein bands were acquired and quantified with ChemiDoc™ MP System (Bio-Rad) and a computer program (ImageJ software) respectively. All blots are representative of three independent experiments.
Statistical data analysis
Statistical analysis of immunocytochemistry was performed using GraphPad Prism version 6.0 computer software program (GraphPad Software, La Jolla, CA, USA). The data were statistically analyzed by one-way ANOVA test and Bonferroni post-hoc test for multiple comparisons. A Pvalue less than or equal to 0.05 was considered statistically significant. Results are reported as the mean ± SEM of N experiments.
Results
Morphological assessment in H 2 O 2 stimulated RAW 264.7 treated with CBG
To investigate the cytotoxicity of CBG we treated the normal macrophage cells with CBG for 24 h at the following concentrations (μM) Figure  1) . Therefore, we have chosen 10 μM as optimal dose. Moreover, RAW 264.7 incubated with H 2 O 2 (500 μM) showed only less cell death after 3 h (Figure 2A) . A severe cell death was noticed both at 6 h that at 9 h (Figure 2 B,C) . Since no differences in cell death were found, we decided to incubate the cells with H 2 O 2 (500 μM) for 6 h to obtain a better management of the entire Original Paper experiment. By eosin and hematoxylin staining we found that the DMSO, vehicle of CBG, was not cytotoxic for macrophage cells treated with it ( Figure 3B ). DMSOtreated cells displayed indeed normal morphology, indicated by the presence of ruffles as CTR cells ( Figure 3A) . On the contrary, morphological changes, including presence of surface smooth and shrinkage, were observed in H 2 O 2 stimulated RAW 264.7 macrophages ( Figure 3C ). Treatment with CBG instead attenuated these H 2 O 2 triggered morphological features ( Figure  3D ). In addition, by looking to the possible involvement of cannabinoid receptors CB1 and CB2, our data demonstrated that CBG acts via CB2R. More in detail, pre-treatment with AM630 (CB2 antagonist) blocked the protective effect of CBG in H 2 O 2 -stimulated macrophages ( Figure 3E ), while SR141716A (CB1 antagonist) did not show inhibition towards the protective role of CBG ( Figure 3F ).
Effects of CBG treatment on MAPK signal-transduction pathway
By immunocytochemical analysis, we investigated the expression of JNK, a mitogen-activated protein kinase (MAPK) that plays a key role in relaying extracellular signals from the cell membrane to the nucleus via a cascade of phosphorylation events. 18 As known, MAPKs can be activated also by the ROS production. 19 Our results confirmed a positive cytoplasmic immunolocalization for JNK in macrophages stimulated with H 2 O 2 ( Figure  4C ) . On the contrary, cells treated with CBG showed negative cytoplasmic staining for JNK ( Figure 4D ), as observed in CTR cells ( Figure 4A ) and DMSO cells ( Figure 4B ). In addition, our results suggest that JNK modulation involved solely CB2R activation. Pre-treatment with CB2 antagonist (AM630) indeed blocked the protective effect of CBG in H 2 O 2 stimulated macrophages as proven by positive immunolocalization for JNK ( Figure 4E ). Contrariwise, administration of CB1 antagonist (SR141716A) exhibited negative staining for JNK ( Figure 4F , see densitometric analysis in Figure 4G ), suggesting in this way that CB1R was not involved.
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Effects of CBG treatment on IκB-α degradation and NF-κB activation in H 2 O 2 stimulated RAW 264.7 treated with CBG
NF-kB is a dimeric transcription factor present in the cytoplasm of cells in an inactive form due to its association with a class of inhibitory proteins called IκBs. Following different stimulus effects, like oxidative stress, IκB undergoes phosphorylation and subsequently degraded, allowing NF-κB to translocate into the nucleus and induce gene expression. 20 As expected, a positive cytoplasmic staining for IκB-α and a in parallel a negative nuclear staining for NF-κB was observed in CTR cells (Figure 5 A,G) as well as in DMSO group (Figure 5 B,H). Upon stimulation with H 2 O 2 , cells did not stain for IκB-α in cytoplasm ( Figure  5C ), but showed a marked nuclear positive staining for NF-κB ( Figure 5I ). CBG administration significantly increased the degree of cytoplasmic positive staining for IκB-α ( Figure 5D ) and reduced nuclear positive staining for NF-κB in H 2 O 2 -stimulated cells ( Figure 5J) . Moreover, the protection of CBG can be attributed only to CB2R. The pre-treatment with AM630 ( Figure 5 E, K) indeed was found to block the efficacy of CBG, restoring a condition similar to that observed in cell incubated with H 2 O 2. Pretreatment with SR141716A ( Figure 5 F,L , see densitometric analysis in Figure 5 M,N) on the contrary did not altered the efficacy of the CBG treatment, suggesting that CB1R did not affect this signaling.
CBG inhibits the production of oxidative stress markers in H 2 O 2 stimulated RAW 264.7
We assessed the anti-oxidative effects of CBG by evaluating the expression of some oxidative damage markers in the mouse RAW 264.7 cells stimulated with H 2 O 2 .
Immunocytochemistry results showed negative staining for nitrotyrosine in CTR cells ( Figure 6A ) as well as in DMSO cells ( Figure 6B ). Conversely, a dense positive staining for nitrotyrosine in H 2 O 2 -stimulated cells was found ( Figure  6C ). CBG administration significantly inhibited the expression of nitrotyrosine ( Figure 6D ). Positive staining for macrophages pre-treated with AM630 Original Paper ( Figure 6E ) and in concert a negative staining for SR141716A pretreated ones ( Figure  6F , see densitometric analysis in Figure 6G ) in the same conditions, demonstrated the involvement only of CB2R and not of CB1R in the protective effects exhibited by CBG. In addition, Western blot data showed enhanced expression of another oxidative stress marker -iNOS -in H 2 O 2 -stimulated cells, while CBG treatment significantly reduced its expression ( Figure 7H) .
As a result of an increased production of radical species, cells have developed enzymatic cellular defense systems in the effort to detoxify these molecules and regenerate balanced redox homeostasis. 21 Therefore, we investigated the expression of SOD-1, chosen as anti-oxidant defense marker. Western blot analysis showed a basal expression of SOD-1 in CTR and DMSO cell groups. H 2 O 2 stimulated RAW 264.7 showed a reduced level expression of SOD-1, increased instead by administration of CBG ( Figure 6I ). Moreover, among the first cellular responses to DNA damage is the production of Poly (ADP-ribose) polymerase (PARP), a marker of oxidative stress synthesized in large quantities by PARP enzymes, whose activity increases when cells are subjected to damage. 22 By immunocytochemical evaluation we assessed the presence of nuclear PARP-1 activation, showing negative nuclear staining for PARP-1 in CTR cells and DMSO cells (Figure 7 A,B, respectively) . Conversely, a dense nuclear positive staining for PARP-1 observed in H 2 O 2 -stimulated cells (Figure 7C ), was totally deleted by CBG administration (Figure 7D ). Anti-oxidant effects exhibited by CBG are due to involvement of CB2R and not of CB1R. Immunocytochemical results obtained from cells pre-treated with AM630 ( Figure 7E ) indeed were compatible with what has been observed in cell incubated only with H 2 O, suggesting that use of CB2R antagonist blocked the activity of CBG. Pre-treatment with SR141716A ( Figure 7F , see densitometric analysis in Figure 7G ) on the contrary did not affect the anti-oxidant effects of CBG, thus we can assess that CB1R was not involved in this cellular signaling. Figures 8A and 9A ) as well as in DMSO ones (Figures 8B and 9B) . On the contrary, upon H 2 O 2 stimulation , macrophage cells showed positive staining for Bax and negative staining for Bcl-2 ( Figures 8C and 9C) . Moreover, CBG exhibited a significant ability in protecting the unbalance between Bax/Bcl-2 ( Figures  8D and 9D) . Also in this case, by pre-treating cells with the cannabinoid receptor antagonists, we found that Bax/Bcl2 modulation is only mediated by the CB2R, not by CB1R (Figures 8 F and 9F , see densitometric analysis in Figures 8 and 9G ). The use of CB2R antagonist (AM630) blocked the protective effects of CBG as proven by positive immunolocalization for Bax ( Figure  8E ) and negative staining for Bcl2 ( Figure  9E ). Administration of CB1 antagonist, in contrast, exhibited negative staining for Bax ( Figure 8F ) with consequent positive staining for Bcl2 ( Figure 9F , see densitometric analysis in Figures 8G and 9G ).
CBG regulates apoptosis pathway in
chemical analysis, we noticed a completely negative staining for Bax and a in parallel a notable positive staining for Bcl-2 in CTR cells (
Discussion
Oxidative stress was first characterized by Sies 23 as "a disturbance in the pro-oxidant to anti-oxidant balance in favor of the oxidant species, leading to potential damage". Oxidative stress is a crucial mechanism of the aging that can cause direct injury to the central nervous system. Free radicals affect indeed both the structure and function of neural cells, playing a key role in to a wide range of neurodegenerative diseases, such as Parkinson's disease and Alzheimer's disease. 24 There is currently a debate whether oxidative stress is a cause or a consequence of these disorders, mostly due to a lack of understanding of the mechanisms by which reactive oxygen species (ROS) act in both normal physiological and disease conditions. 25 Indeed, high concentrations of ROS can lead to impaired physiological functions through cellular damage of DNA, proteins, phospholipids, and other macromolecules. 26 On the other hand, low doses of ROS are essential to cell signaling and regulation. 27 In the last decades, a growing interest was aimed to identifying pharmacological Original Paper inhibitors of oxidative stress mediators as a potential therapeutic strategy for preventing diseases correlated with oxidative stress. In this context, cannabinoids, the bioactive compounds of Cannabis sativa, exhibited a potent action in inhibiting oxidative and nitrosative stress, modulating the expression of inducibile nitric oxide synthase (iNOS) and reducing the production of ROS. 28, 29 In agreement with these findings, we found that CBG, a non-psychotropic phytocannabinoid yet little known, was able to counteract oxidative stress in mouse macrophage cell line RAW264.7 stimulated with H 2 O 2 by activation of CB2 receptors.
Upon stimulation, macrophage cells are involved in host defense and also they are able to increase the production of reactive oxygen and nitrogen species dramatically for a short period of time. 15 Our data showed that the stimulation of macrophages with H 2 O 2 induced cell morphological changes, such as appearance of surface smooth and shrinkage, reduced by CBG administration. It is well known that cannabinoids can exert multiple pharmacological effects via CB1/CB2 receptors. As regards CB1R, it is not directly implied in the mechanism by which cannabinoids are able to protect cells from oxidative stress in vitro. 30 Conversely, as proven by Borrelli et al., 10 CB2R is involved in counteracting oxidative stress. Here, by pre-treating macrophages with selective receptor antagonists for CB1R (SR141716A) and CB2R (AM630), we clearly confirmed that CBG acts via CB2R. CB2 antagonist pre-treatment indeed blocked the protective effect of CBG in H 2 O 2 stimulated macrophages, while CB1R was not involved. This result is not surprising considering that the CB1 receptors are localized mainly in the central nervous system, 31 while CB2 receptors are expressed predominantly in cells of the immune system and hematopoietic. 32 To date, the molecular mechanism by which ROS cause oxidative damage is poorly characterized. Several line of evidence showed that H 2 O 2 can induce or mediate the activation of the mitogen-activated protein kinases (MAPK). [33] [34] [35] [36] The MAPKs, a family of ubiquitous proline-directed, protein-serine/threonine kinases, including extracellular signal-regulated kinases 1 and 2 (ERK1/2), p38, and c-Jun amino-terminal kinase (JNK), play an essential role in sequential transduction of biological signals from the cell membrane to the nucleus. 37 In agreement with these findings, we reported direct evidence showing that stimulation with H 2 O 2 induced increased expression of JNK in H 2 O 2 -stimulated macrophages, whereas CBG administration by activating CB2R reduced significantly its expression.
Moreover, it is widely accepted that MAP kinases can participate in the regulation of NF-κB transcriptional activity, by mediating downstream phosphorylation of IκB-α and subsequent activation of NF-κB. 38 NF-κB is generally inactive in cytoplasm due to the inhibition of IκB-α. In response to a wide range of stimuli, including ROS production, IκB-α is phosphorylated by the enzyme IκB-α kinase, so that NF-κB is free to translocate into the nucleus and to promote the expression of a wide range of mediators involved not only in oxidative stress pathway, but also in inflammation and apoptosis molecular mechanisms. By immunocytochemical analysis we observed a negative immunolocalization for IκB-α and conversely dense positive immunolocalization for NF-κB in H 2 O 2 -stimulated macrophages. In attempting to coordinate the responses of macrophages against oxidative stimuli, CBG led to up-regulation of IκB-α and consequently down-regulation of NF-κB. CB2-dependent effects of CBG could be involved in upstream events that could affect intracellular oxidative pathways. Furthermore, upon H 2 O 2 stimulation, macrophages exhibit excessive accumulation of both nitric oxide (NO) and superoxide anion (O2 − ), whose interaction results in formation of toxic peroxynitrite (ONOO − ). Our results showed increased expression of two principal oxidative markers -iNOS and nitrotyrosine -in H 2 O 2 -stimulated macrophages, inhibited instead by treatment with CBG. Our results are in accordance with the literature which reported that cannabidiol, another non-psychotropic cannabinoid, by blocking upstream MAP kinase and the transcription factor NF-κB activation, can suppress iNOS expression and NO production. 28 Specifically, it was demonstrated that inhibition of MAP kinase pathway was due to CB2R activation. [39] [40] [41] Coherently with these data, we have found that CBG counteracts oxidative stress by inhibiting some key oxidative mediators via a CB2R dependent mechanism. Moreover, as a result of an increased production of radical species, cells have developed enzymatic cellular defense systems, such as SOD, catalase, glutathione peroxidase, in the effort to detoxify these molecules and regenerate balanced redox homeostasis.
Here, we investigated the expression of SOD-1, that regulates oxidative response genes involved in resistance to oxidative stress and DNA damage repair. 42 Our data showed that stimulation with H 2 O 2 in RAW264.7 cells caused a decrease of SOD-1 expression, restored by CBG administration. In this cellular cascade, another critical event is poly(ADP-ribose) polymerase-1 (PARP-1) activation following DNA damage. 22 Continuous or excessive activation of PARP resulted in a substantial depletion of ATP, leading to cellular dysfunction and cell death. 43 Here, we demonstrated that treatment with CBG inhibited PARP-1 activation in CB2R dependent manner. Moreover, radical species production is implicated in the progression of oxidative stress-related apoptosis and cell death. 44 Finally, we evaluated the role of CBG in counteracting cell death by looking to the main apoptosis-regulatory genes, such Bax and Bcl-2. Immunocytochemistry evaluation showed positive staining for Bax in H 2 O 2 -stimulated macrophages, inhibited by treatment with CBG. In parallel, it was found a negative staining of Bcl-2 in H 2 O 2 -stimulated macrophages, and conversely a positive staining in CBG-treated ones. We have also established that the anti-apoptotic effect of CBG are mediated by the CB2R. These results are corroborated by other studies which have showing that CB2R activation correlated with reduced apoptosis. 45 Taken together, our results suggest CBG as a new relevant helpful approach to use in clinical practice for oxidative stress-related disorders. CBG may effectively scavenge free radicals, increase anti-oxidant activity of cells, by modulating multiple signaling pathways such as MAPK kinases and NF-kB translocation and lastly inhibiting cell death. Moreover, by looking to specific antagonists of the CB1 and CB2 receptors, we found that during cellular processes CBG administered in H 2 O 2 -stimulated macrophages, compared with control cells, exerts negative feedback towards the expression of proteins investigated by immunocytochemistry analyses. The increase in positive signal in the H 2 O 2 -stimulated macrophages treated with AM630, antagonist of CB2R, is due to an important positive feedback effect in cellular processes.
